To investigate the mechanism of detonation control using a pulse hot jet in the supersonic hydrogen-oxygen mixture, high-resolution simulations with a detailed reaction model were conducted using an adaptive mesh refinement method. After the successful detonation initiation, a contractive passway was generated between the hot jet and the main flow field behind the detonation front. Due to the contractive passway, the expansion of detonation products was prevented, hence resulting in overdriven detonation. By setting up various contractive passways through adjusting the width of the hot jet, the overdrive degree of overdriven detonation also changes. It is suggested that the width of the hot jet has approximately linear relation with the relative and absolute propagation velocities. When the contractive passway gradually disappeared after the shutdown of the hot jet, overdriven detonation attenuated to the dynamically stable Chapman-Jouguet (CJ) detonation. When the contractive passway was re-established once again after the re-injection of the hot jet, the CJ detonation developed to the same overdriven detonation, indicating that the contractive passway controlled by the pulse hot jet can indeed control detonation propagation in the Corresponding author.
Introduction
Scramjet has become one of the first choices for hypersonic air-breathing propulsion systems because of its superior performance at high Mach numbers (Murthy and Curran, 1991) . Scramjet operates on the Brayton cycle, which has a much lower thermodynamic efficiency than that of detonation (Kailasanath, 2000) . If a full or even a local detonation is realized in supersonic combustible mixtures in scramjet combustors, it is expected that the performance of scramjet engines might be greatly improved.
As for initiation method, direct initiation (Zhang et al., 2011a; Zhang et al., 2011b; Zhang et al., 2012; Soury and Mazaheri, 2009 ) can realize instantaneously detonation formation, but it is not suitable for actual application due to its requirement for large energy.
An alternative approach is to use a hot jet, which can also realize fast initiation (Knystautas et al., 1979) . Hot jet initiation has been investigated numerously (Medvedev et al., 2005; Liu et al., 2012; Iglesias et al., 2012) ; yet, only a few studies have been carried out in supersonic combustible mixtures. Ishii et al. (Ishii et al., 2009 ) investigated experimentally detonation initiation and propagation using a hot jet in high-speed combustible flows where the Mach numbers are 0.9 and 1.2. Han et al. (Han et al., 2012; Han et al., 2013) conducted experiments of detonation initiation and deflagration to detonation transition (DDT) using a hot jet in supersonic combustible mixtures with the Mach number above 4.0, and detonations A c c e p t e d M a n u s c r i p t 3 were initiated exactly through shocks or shock reflections (Gamezo et al., 2008; Jackson and Shepherd, 2008; Gavilanes et al., 2011; Gavilanes et al., 2013; Chaumeix et al., 2014; Liu et al., 2015) .
For detonation simulations, the small area in the vicinity of detonation front is in great need of fine mesh because of accumulated chemical reactions, while the other areas could be resolved with relatively coarser grid in order to obtain a higher computational efficiency.
Dynamic adaptive mesh refinement method can address this problem properly by greatly improving the local resolution while decreasing the total computational cost.
Based on these ideas above, we conducted a series of numerical simulations on detonation initiation and propagation using a hot jet in supersonic combustible mixtures (Cai et al., 2015a; Liang et al., 2014; Cai et al., 2014; Cai et al., 2015b; Cai et al., 2016a; Cai et al., 2016b) with the open-source program AMROC (Deiterding, 2003; Liang et al., 2007; Deiterding, 2009; Deiterding, 2011; Ziegler et al., 2011) (Adaptive Mesh Refinement Object-oriented C++) based on a SAMR (Structured Adaptive Mesh Refinement) framework proposed by Berger and Oliger (Berger, 1982; Berger and Oliger, 1984) . These numerical simulations solved inviscid two-dimensional and three-dimensional Euler equations both with a simplified reaction model (Liang et al., 2007) and a detailed reaction model (Westbrook, 1982) , and applied a classical second-order accurate MUSCL-TVD (Monotone Upstream-centered Schemes for Conservation Laws -Total Variation Diminishing) scheme.
Initially we explored the probability of detonation initiation and propagation in supersonic combustible mixtures using a hot jet through two-dimensional simulations with the simplified five-step five-species reaction model. It was found that a hot jet can initiate detonation A c c e p t e d M a n u s c r i p t 4 successfully in supersonic combustible mixtures and finally overdriven detonation is formed with the continuous injection of the hot jet (Cai et al., 2015a) . Subsequently, we conducted a systematic research on different effects of a hot jet to show its functions in detonation initiation and propagation, and found that through the re-injection of the hot jet a failed detonation can be re-established again quickly . It is necessary to know clearly the characteristics of detonation initiation in supersonic combustible mixtures using a hot jet under different conditions. Instead of the simplified reaction model, we adopted the detailed one to conduct a systematic parametric study for the characteristics of detonation initiation using a hot jet. These parameters were based on momentum flux ratios and the strength of shock reflections, and eventually ranges of different parameters for successful initiation were obtained . In addition, considering the actual flight conditions the velocity and species nonuniformities were investigated for detonation initiation and propagation in supersonic combustible mixtures (Cai et al., 2015b; Cai et al., 2016b) . It was found that in the flowfield with nonuniform velocities there exists a wider range of Mach number of supersonic combustible mixtures for successful initiation compared with uniform supersonic incoming flow (Cai et al., 2015b) . And a dynamically periodical structure of the lateral expansion of the detonation is formed finally in the flowfield with nonuniform species (Cai et al., 2016b) . Finally, a study of large-scale three-dimensional simulations on detonation initiation and propagation in supersonic combustible mixtures using the detailed reaction model was conducted in Tianhe-2 supercomputer system to investigate real three-dimensional effects, especially the side wall effects (Cai et al., 2016a) . In the previous studies, it is commonly found that after detonation initiation is successfully realized overdriven detonation can be generated with the continuous injection of a hot jet in supersonic combustible mixtures. It is indicated that the hot jet can play a control role in the formation of overdriven detonation, but its mechanism is still not well understood.
What's more, in order to produce stable thrust in detonation-based engines detonations should be sustained in supersonic reactive flows. However, this issue is quite difficult to address due to the internal characteristics of detonations. Rather few studies have been conducted on this issue. Previously Alexandrov et al. (Alexandrov et al., 2001; Alexandrov et al., 2003) tried to control the sustainment of oscillating detonations in supersonic reactive flows by periodical alternations of mixing ratios of combustible mixtures in Supersonic Pulsed Detonation Ramjet Engine (SPDRE). It revealed a novel and promising prospect for the sustainment control of detonation combustion in supersonic combustible mixtures.
However, one of the key techniques involves the periodic control of the fuel supply system, and detonation may fail if the fuel supply is not matched properly. This issue is difficult to address in real applications. In contrast, the hot jet is easy to control through openness and shutdown. After the control role of the hot jet in overdriven detonation is investigated, the hot jet will be tried in the sustainment control of detonation wave in supersonic reactive flows.
The plan of the paper is as follows: the computational method is presented in Section 2, including the introduction of the computational model and numerical method. Results and analysis are shown in Section 3, in which the mechanism for the formation of overdriven detonation is discussed and applications of the contractive passway controlled by the hot jet are investigated. Finally Section 4 concludes the paper. 
Computational method 2.1 Computational model
The reactive Euler equations for multiple thermally perfect species are used as governing equations, which read Numerical simulations are conducted in a straight channel, as shown in Fig.1 . Reflecting boundaries with slip wall conditions are used on the upper and lower wall, except for a small inflow embedded into the lower wall which models a hot jet. The right boundary models the inflow condition and the left one the ideal outflow condition. Based on the regularity of cellular detonation structure (Shepherd, 2009; Radulescu et al., 2007; Gamezo et al., 1999;  Downloaded by [University of Southampton] at 03:38 30 June 2016
A c c e p t e d M a n u s c r i p t 7 Mach and Radulescu, 2010; Hu et al., 2004; Mahmoudi and Mazaheri, 2012) , numerical and experimental investigations (Mahmoudi and Mazaheri, 2011; Radulescu and Lee, 2002; Radulescu et al., 2005) indicate the existence of two kinds of detonation structures which are classified as regular (weakly unstable) and irregular (highly unstable) detonations.
Self-sustaining CJ detonations in hydrogen-oxygen mixtures with high-argon dilution in low pressure are ideal candidates for detonation simulations because regular detonation cell patterns can be generated (Strehlow, 1968) . The channel consists of H 2 /O 2 /Ar mixture with a molar ratio 2:1:7, and the initial pressure and temperature are 6.67 kPa and 298 K, respectively. The propagating speed of the mixture is given by the corresponding CJ velocity
When dealing with the hot jet condition, the parameter "time" is considered to control the duration of the hot jet injection. When the hot jet is shut down, the inflow condition is switched immediately to the reflecting boundary condition. Here as shown in Table 1 , we set the inflow parameters of the hot jet to the equilibrium CJ state of H 2 /O 2 with a molar ratio of 2:1 under the condition of pressure 6.67 kPa and temperature 298 K, which is calculated with Cantera (Goodwin, 2001) .
Numerical method
A second-order accurate MUSCL-TVD finite volume method (FVM) is adopted for discretization. The difference between considering the reaction source term with the first-order accurate Godunov splitting or the second-order accurate Strang splitting is usually small (Deiterding, 2003) , therefore the computationally more efficient Godunov splitting Therefore, the conclusions obtained in this paper using the inviscid Euler equations for regular detonations are nevertheless expected to give at least qualitatively correct descriptions of detonation features.
Results and Analysis
As shown in Fig.1 , the height and length of the channel are Y 1 = 3 cm and X 1 = 8 cm.
The hot jet with the width of X 3 = 4.0 mm, is X 2 = 4.5 cm away from the left outflow of the is the same as that in the previous work (Cai et al., 2015b) . All the computations are conducted on a parallel cluster using 72 nodes of Intel Xeon X5675-3.06 GHz.
Formation of overdriven detonation
The detailed process of detonation initiation in the supersonic combustible mixture using a hot jet has been shown . Here, a brief illustration is provided for a quick understanding of this issue, as shown in Fig.2 . After the hot jet is injected into the channel, a bow shock is induced in the supersonic incoming flow, as shown in Fig.2(a) . The shock wave becomes stronger gradually and eventually reflects on the upper wall. After the reflection, a Mach reflection is formed due to the enhanced strength of the shock wave, as shown in Fig.2(b) . Compared with Fig.2(b) , the Mach stem in Fig.2(c) has propagated forward obviously. After the Mach stem reaches the lower wall, a second reflection is generated as an ignition source, which can help to realize detonation initiation successfully. With the continuous injection of the hot jet, detonation propagates forward continuously as shown in Fig.2(d) .
It should be noted that, in this simulation a straight Mach stem perpendicular to the upper wall is generated following with an obviously slip line which gradually developed to unstable shear layer because of K-H instability. This is different from the previous work (Cai et al., 2015a) . As shown in Fig.3(a) , behind the Mach stem is the reaction zone which is visualized by the contour of OH radical mass fraction. In Fig.3(b) , it is calculated that the distance between the reaction front and the Mach stem is about 1.0 mm, only 67% of the induction length of the ZND model ( = 1.509 mm As shown in Fig.4 , detonation spreads throughout the entire channel during the latter period, which can be proven to be actually an overdriven detonation .
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A c c e p t e d M a n u s c r i p t 11 Numerical density schlieren images are obtained by calculating the square root of density gradients in X and Y directions. The cellular size under the given condition is 3 cm   , therefore for the CJ detonation in the channel with the height of Y 1 = 3 cm, one regular detonation cell should be generated. Fig.4 shows the typical structure of an overdriven detonation which has more cells than a CJ detonation. In Fig.4(a) (b) almost three cells can be observed. The propagation velocity of overdriven detonation is larger than the CJ velocity, therefore the strength of its detonation front is stronger than that of the corresponding CJ detonation, which results in a faster release rate of chemical heat behind the detonation front.
Because the transverse waves are determined by the heat release, the transverse waves can propagate faster due to faster release rate of chemical heat and thus more triple points and detonation cells are generated.
Mechanism of contractive passway
The formation of overdriven detonation has been proven already, but it is still not well understood how overdriven detonation is generated in substance. Behind the detonation front there exists a slip shear layer associated with large-scale vortices due to K-H instability, which generates an interface between the hot jet and the main flow field and helps to form a contractive passway, as shown in Fig.5 . The velocity vector images show that the direction of the flow field in the vicinity of the hot jet changes owing to the contractive passway.
Therefore, the expansion of detonation products is prevented to some extent because of the contractive passway, hence resulting in pressure increase behind the detonation front. The pressure curves at X = 4.9 cm along the Y direction at four successive times are depicted in Fig.6 , which shows that the pressures at X = 4.9 cm along the Y direction are all larger than CJ P . The highest pressure is nearly two times of CJ P , and even the smallest pressure is 35.84% higher than CJ P . All the four curves with a similar shape and variation range have approximately the same trend of decreasing gradually along the Y direction. Therefore, the detonation front has to propagate toward the supersonic incoming flow to increase the relative Mach number for pressure matching, hence finally resulting in the overdriven detonation.
On the other side, due to the expansion prevention resulting from the contractive passway, the acceleration of detonation products is also prevented from reaching the sonic speed. During the products expansion, the Mach number of the products behind the detonation front increases gradually. However, it is shown in Fig.7 that the flow field is all subsonic between the front of the hot jet and the detonation front, indicating that because of the contractive passway the flow field cannot accelerate to the sonic speed, which is a CJ condition of the CJ theory. On the contrary, there exists a supersonic zone behind the hot jet.
As shown in Fig.8 , the flowfield behind the detonation front is similar to that of Laval nozzle, where three different velocity zones are formed. Owing to the compression of products expansion on the shear layer which can be regarded as a free boundary, a slightly expanded channel is generated in the downstream of the hot jet, and therefore detonation products can expand to the supersonic speed. 
It is indicated from Equation 4 and 5 that the width of the hot jet has approximately a linear relation with the relative and absolute propagation velocities of detonations. Hot jets with different widths can result in variations of the contractive passway, and therefore when the hot jet width becomes larger, the passway behind the detonation front will become more contractive, thus making the detonation more overdriven. 
Application of contractive passway
The contractive passway resulting from the hot jet plays an important role in detonation propagation, as discussed previously. Therefore, detonation control can be realized to some extent in the supersonic combustible mixture by changing the contractive passway through the control of the hot jet. During the propagation of overdriven detonation the same hot jet for the two cases is shut down at 400 μs sd t  and 440 μs sd t  , respectively. When the hot jet is shut down, the contractive passway produced by the hot jet vanishes gradually. As shown in Fig.10 As shown in Fig.12 , when the hot jet is injected into the channel again at 900 μs t  , the CJ detonation changes to overdriven detonation once again because of reformation of the contractive passway. It is indicated that the newly formed overdriven detonation in stage D has almost the same overdrive degree as stage A, because the same contractive passway is generated in the flowfield after the re-injection of the same hot jet. This numerical experiment of the hot jet re-injection proves that the contractive passway generated by the hot jet actually plays an important role in detonation control in the supersonic combustible mixture.
Convergence analysis for mesh refinement
In the ZND solution it is found that for the realistic reaction considered here, a spatial resolution of minimally 6 ig Pts l is necessary to resolve all intermediate reaction products
accurately (Deiterding, 2005) . However, around multi-dimensional triple points a higher resolution is required to capture the internal wave structure completely. For regularly oscillating detonations, the effective resolution up to 44.8 ig Pts l is used in the previous two-dimensional verification simulations which indicate that this resolution is sufficient for resolving reliably even the secondary triple point (Deiterding, 2003) . Here three different distributions of mesh refinement are shown in Fig.13 , where the resolutions are all higher than 44.8 ig Pts l . In the flowfield, the same pattern for the Mach reflection, bow shock, and shock induced combustion is all presented for the three different cases, and especially all are covered by the highest levels (the red color). As a comprise of the accuracy and computational cost, the second highest resolution 96.8 ig Pts l in Fig.13(b) is chosen finally.
Conclusion
Based on an adaptive mesh refinement method, detonation control mechanism in the supersonic combustible mixture was investigated using a pulse hot jet through two-dimensional high-resolution simulations with a detailed reaction model. The major results of the present work are as follows:
1. After the successful detonation initiation, a contractive passway is generated between the hot jet and the main flowfield behind the detonation front due to formation of a slip shear layer which is regarded as a free boundary resulting from the hot jet. The contractive passway prevents the expansion of detonation products, and the detonation front has to propagate forward for pressure matching, hence resulting in overdriven detonation.
By setting up various contractive passways through adjusting the width of the hot jet,
A c c e p t e d M a n u s c r i p t 17 the overdrive degree of overdriven detonation also changes. When the hot jet width becomes larger, the passway behind the detonation front becomes more contractive, thus making the detonation more overdriven. On the other hand, when the hot jet width becomes smaller, the passway behind the detonation front becomes less contractive, thus making the detonation less overdriven. It is suggested that the width of the hot jet has approximately a linear relation with the relative and absolute propagation velocities.
3. As an application, when the contractive passway gradually disappears after the shutdown of the hot jet, overdriven detonation attenuates to the dynamically stable CJ detonation. When the contractive passway is re-established once again through the re-injection of the hot jet, the CJ detonation changes again to the overdriven detonation with the same overdrive degree as that of the previous overdriven detonation. It is also proven that the contractive passway controlled by the pulse hot jet can indeed control detonation propagation in the supersonic combustible mixture. A c c e p t e d M a n u s c r i p t 24 Table 1 The equilibrium CJ state of H 2 /O 2 with the molar ratio of 2:1 under the condition of temperature 298 K, and pressure 6.67 kPa. Note that the parameters of the nine species are given by the mass fractions. A c c e p t e d M a n u s c r i p t 25 
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